Abstract: Nanocellulose is cellulose in the form of nanostructures, i.e. features not exceeding 100 16 nm at least in one dimension. These nanostructures include nanofibrils, e.g. in bacterial cellulose; 17 nanofibers, e.g. in electrospun matrices; nanowhiskers and nanocrystals. These structures can be 18 further assembled into bigger 2D and 3D nano-, micro-and macro-structures, such as nanoplatelets, 
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Antiseptics [132, 133] Antibiotics (gentamycin, ceftriaxone) [33, 43] Antibacterial peptides [134] Other antimicrobial, antiinflammatory and antitumor drugs [135, 136] 183
History of nanocellulose research

184
Cellulose in general has been investigated for tens of years (for a review, see [137] ). However,
185
nanocellulose has emerged as a promising material in the last 10 years. In the PubMed database, 671 186 papers on nanocellulose can be found from December 2007 to December 2018 using the search term nanocellulose [1, 142] and electrically-conductive nanocellulose-polypyrrole composites [143] .
205
In 
243
successfully applied for healing large-area and full-thickness skin defects in mice in vivo [154] . 
361
Urethral reconstruction was performed in a rabbit model using 3D porous bacterial cellulose 362 scaffolds seeded with rabbit lingual keratinocytes [184] , and in a dog model using smart bilayer 363 scaffolds comprising a nanoporous network of bacterial cellulose and a microporous network of silk 364 fibroin [185] . The bilayer scaffolds were pre-seeded with keratinocytes and smooth muscle cells 
367
of smooth muscle cells [185] .
368
For reconstruction of the dura mater, bacterial cellulose membranes were tested as potential 
372
Other interesting applications of nanocellulose have included connective tissue repair, repair of 373 congenital heart defects, ophthalmologic applications, creation of protective barriers and cell 374 transfection.
375
For connective tissue repair, softwood pulp-derived cellulose nanocrystals were injected into 376 skin and tendon specimens, isolated from pigs and stretch-injured using a mechanical testing 377 machine. This treatment mechanically reinforced these matrices, which was manifested by the 378 increased elastic moduli and yield strength of the matrices. At the same time, the cellulose 379 nanoparticles showed no cytotoxicity for rat primary patella tendon fibroblasts, as revealed by a
380
WST-1 assay of the activity of mitochondrial enzymes. Moreover, the activity of mitochondrial 381 enzymes in cells cultivated for 2-3 weeks in the presence of cellulose nanocrystals was significantly
382
higher than in the control untreated cells [54] .
383
For the repair of congenital heart defects, bacterial nanocellulose was used as a new patch 
413
density and hydrogels with both low and high charge densities [53] .
414
The following part of this review is focused on the use of nanocellulose for skin tissue 
452
The potential use of bacterial cellulose in skin regeneration and in other areas of tissue 453 engineering has been reviewed by many authors, e.g. [9, 37, 40, 158, 193, [200] [201] [202] 
Nanocellulose as a carrier for cell delivery into skin defects
569
Although there has been only limited direct use of cellulosic materials, including nanocellulose,
570
in skin tissue engineering, these materials, even in their non-degradable forms, can be used indirectly 571 for skin tissue engineering, i.e. as carriers for delivering cells into wounds. After the cells have 572 adhered to the wound bed, they can be released from the scaffolds, and the scaffolds can be removed.
573
Experiments in vitro, performed on a bacterial cellulose/acrylic acid (BC/AA) hydrogel colonized by 574 epidermal keratinocytes (EK) and dermal fibroblasts (DF), showed that from day 1 to day 3 after 575 seeding on BC/AA, about 63% of EK and 69% of DF were cumulatively transferred from BC/AA on 576 to an ovine collagen hydrogel [192] . Experiments in vivo performed in mice showed that BC/AA 577 hydrogels loaded with cells produced the greatest acceleration on burn wound healing, followed by 578 treatment with hydrogel alone, and by the untreated group. On day 13 after wound coverage, the 
707
Nature-derived antibacterial molecules used for modifying bacterial cellulose include chitosan,
708
which exhibited bacteriostatic properties against Escherichia coli and Staphylococcus aureus [229, 242] .
709
Other antimicrobial compounds are bromelain, a protease present in pineapple tissues, which also Peer-reviewed version available at Nanomaterials 2019, 9, 164; doi:10.3390/nano9020164
23 of 50 self-assembled bacterial cellulose, and showed wound healing activity and antimicrobial activity
717
[245].
718
In our experiments, we prepared bacterial cellulose loaded with pristine curcumin or with 719 curcumin degradation products. As was mentioned above, pristine curcumin is almost insoluble in 720 polar solvents. In addition, curcumin is unstable in neutral and alkaline pH, and it degrades mainly 721 to ferulic acid, feruloylmethane and vanillin [246] . The degradation of curcumin can also be 722 modulated by temperature. It is known that curcumin starts to degrade at a temperature of approx.
723
180°C [247] . In our experiments, degradation products of curcumin were therefore prepared by 724 thermal decomposition of curcumin molecules at temperatures of 180 °C and 300 °C. Fourier-
725
transform infrared spectroscopy (FTIR) and high-performance liquid chromatography (HPLC)
726
detected vanillin and feruloylmethane as the major product at 180 °C, and feruloylmethane at 300 °C.
727
Our results showed that bacterial cellulose loaded with curcumin, and particularly with its 
737
In vitro tests performed on human dermal fibroblasts revealed that curcumin degraded at 180 °C
738
showed a significant cytotoxic effect on these cells, while curcumin degraded at 300 °C supported the 739 adhesion, spreading and growth of these cells (Figure 6 ). It therefore appears that vanillin -as the 740 major degradation product at 180 °C -is cytotoxic, and feruloylmethane -as the major degradation 741 product at 300 °C -is non-cytotoxic. However, the antimicrobial and cytotoxic effect of curcumin- 
752
Other drugs that can be incorporated into bacterial cellulose are anticancer drugs, such as α- 
760
The use of bacterial cellulose in skin tissue engineering and wound healing, including its clinical 761 applications, has been reviewed by Fu et al. [37] . Peer-reviewed version available at Nanomaterials 2019, 9, 164; doi:10.3390/nano9020164 
936
The cytotoxicity and immunogenicity of nanocellulose can be modulated by its physicochemical 
944
The morphology of cellulose nanoparticles can also influence their cytotoxicity and 945 immunogenicity. Nanofibrillated cellulose (NCF) showed more pronounced cytotoxicity and 946 oxidative stress responses in human lung epithelial A549 cells than cellulose nanocrystals (CNC).
947
However, exposure to CNC caused an inflammatory response with significantly elevated pro- 
